Here we present the general scope of the monograph and introduce the different chapters. The chapters are organized by theme instead of scientific discipline, and most combine a review of past accomplishments with discussions of results from current research. Collectively, they document the tremendous progress in under standing achieved over the past decade or so, but they also demonstrate that many controversies and challenges remain for future collaborative studies of Earth's deep interior.
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GENERAL SCOPE OF MONOGRAPH
In the past decade, spectacular advances in geochemis try, theoretical and experimental mineral physics, seismic imaging, and computational geodynamics have produced new views on the inner workings of our planet. In con trast to previous single-disciplinary approaches, in the mid1990s many investigators started to make more rigorous efforts to include constraints from other disciplines into their models or interpretations. Experimental and theoreti cal mineral physics research has been yielding increasingly accurate constraints on elastic parameters at pressure and temperature conditions typical for Earth's mantle. With this growing-but still vastly incomplete-data base, seismolo gists have begun to realize that not all inferred wavespeed variations can have a thermal origin, and evidence for lateral variations in the composition of Earth's mantle has been mounting. In a parallel effort, geodynamicists have been using the input from mineral physics research and exploiting increased computational power to simulate thermo-chemical convection, with important measures of their success being the ability to match the structure and spectra of tomographi-cally inferred heterogeneity, reproducing essential aspects of the geochemical record of selected chemical elements, and satisfying geophysical observables such as the geoid and long wavelength gravity, dynamic topography, and heat flow.
A challenge central to all these studies has been to under stand the nature, scale, and geological history of mantle convection-the slow (1-5 cm/yr) solid-state stirring that helps cool the planet by transporting radiogenic and primor dial heat from Earth's interior to its surface. Evidence for a chemically heterogeneous mantle, with multiple long-lived "reservoirs", has long competed with views that convection driven by pure thermal buoyancy has effectively homog enized the mantle. The ensuing debate revolved around end-member models of either convective layering at 660 km depth (with layers above and below this depth having different-but uniform-compositions), or iso-chemical whole mantle overturn. But none of these canonical models satisfies more than what can now be considered a fairly nar row subset of available constraints. Over the past decade, however, several key discoveries and the creative interplay between various disciplines have begun to paint a picture of the lower mantle that is far more interesting-but not less enigmatic-than the one or two relatively bland shells of near-constant physical, chemical, and thermo-dynami cal properties considered in the classical models. Some scientists have been trying to explain the richness of multidisciplinary constraints with hybrid models that combine the successful ingredients of the canonical models; others have been questioning the fundamental assumptions and the perceived paradoxes to produce interesting, albeit as yet dif-ficult to validate, conceptual models of the thermo-chemical evolution of the Earth.
In the late 1990s, new types of crosscutting research began to provide important new insight. Joint interpretations of seismic images of shear-and bulk properties and then avail able elasticity parameters for relevant mantle compositions and P-T conditions produced tentative indicators for lateral variations in (major element) composition in the deep mantle (e.g., Su and Dziewonski, 1997; Kennett et al, 1998; van der Hilst andKdrason, 1999) . This emerging evidence inspired several groups (e.g., Tackley, 1998; Kellogg et al, 1999; Becker et al, 1999; Davaille, 1999) to speculate on the existence of compositionally distinct domains in the deep mantle as an explanation of some of the hitherto conflicting observations. These exciting developments followed earlier suggestions of large-scale compositional heterogeneity that were based on seismic wave speeds and the high-pressure densities of different rock lithologies, but with much less extensive elasticity and phase equilibrium data for miner als (e.g., Bass and Anderson, 1984; Anderson, 1989) . In fact, the model described by Anderson (this volume) shares with the proposition of Kellogg et al the premise of a threelayer mantle and a compositionally distinct bottom third of the mantle. The early seismological evidence for composi tional heterogeneity was far from uncontroversial, however, but through detailed analysis by, for instance, Ishii and Tromp (1999) , Masters et al (2000) , Saltzer et al (2001 Saltzer et al ( , 2004 , Karato and Karki (2001) , Anatolik et al (2003) , and Trampert et al (2004) , the notion has become inescapable that much of deep mantle heterogeneity does not have a purely thermal origin.
Despite these developments, there are many uncertain ties, and even first-order aspects of the nature, volume, and long-term evolution of deep mantle heterogeneity have remained enigmatic. The early thermo-chemical convec tion models each have their problems (see overviews by, for instance, Tackley, this volume), and the interpretation of the tomographic images is neither straightforward nor unique. But these are perhaps the least of all problems. Constraints as fundamental as Earth's average bulk composition remain controversial; the experimental and theoretical constraints on the temperature and pressure dependencies of elasticity mostly involve simple compositions and ignore effects of important minor elements (such as aluminum and calcium), the oxidation state of Fe (e.g., the amount of Fe 3+ in ferromagnesian-silicates), and mineralogy; and extrapolations over large temperature and pressure ranges remain a major concern. Moreover, with few exceptions most scaling from wavespeed to temperature, composition, and mass density assume predominance of a thermal dependence, which may be incorrect. Even if the transformation from wavespeed to major element composition is reasonable, what-if any thing-does it tell us about the spatial distribution of the trace elements and noble gases used in geochemical inves tigations of mantle structure? For example, if the deepest mantle contains compositionally distinct domains, do they represent refractory repositories or are they depleted in heat-producing elements? Questions such as these have key implications for our understanding of the formation origin of the structures and their evolution over geological time, the early evolution of the core-mantle system, and the presentday thermal state of our planet.
OVERVIEW OF MONOGRAPH
For this monograph we have solicited contributions that relate to the general scope described above. Other important developments in the quest to understand Earth's deep mantle are not covered in detail. For instance, the lowermost mantle, including the so-called D" region of enhanced structural and, probably, compositional heterogeneity, is not a primary target of the chapters of this volume; the progress achieved in the 1990s is reviewed elsewhere (e.g., Gurnis et al, 1998; Garnero, 2000; Karato et al, 2000) . The recent discovery of a post-perovskite phase transition is covered briefly, but an overview of this rapidly evolving topic would perhaps be premature. The emphasis on the deep mantle also means that the numerous recent studies of the upper mantle and transi tion zone structures, including the related pressure-induced discontinuities, and the investigation of mantle "plumes" are not focused on here.
The first two chapters of this volume concern old and new constraints from geochemistry. In the past decade, many new proposals have been made and fundamental assump tions questioned. For example, the difference in mid-ocean island basalt (MORB) and ocean island basalt (OIB) trace element and noble gas distributions, which has inspired much discussion about geochemical reservoirs, can perhaps be explained by differences in sampling from a (statistically) similar source (e.g., Anderson, 2001; Kellogg et al, 2002; Ito and Mahoney, 2005) . This issue, however, is not addressed in detail here. Harrison and Ballentine (this volume) review noble gas geochemistry, the so-called helium/heat and argon "paradoxes", and the development of Earth models based on noble gas systems. They show that models based on selected systems can be misleading and that a wide range of noble gases must be considered when building robust mantle mod els. The changing views on the helium system are reviewed, with emphasis on the uncertainty in absolute concentrations and in the level of compatibility of parent and daughter ele ments. For the latest development on the latter topic we refer the reader to Parman et al (2005) . Harrison and Ballentine discuss the pitfalls of comparing systems with very different characteristic time scales and suggest that a "zero paradox" model can be constructed if (i) one relaxes the assumption that the mantle is in steady state and (ii) the noble gas con centration (e.g., 3 He) in the convecting mantle is higher-by a factor of 3.5-than hitherto assumed. Albarede (this vol ume) also uses characteristic time scales-here of residence times of incompatible lithophile elements-to question the basic assumption of steady state and argues that most of the noble gas and heat flux paradoxes disappear if one allows that a significant fraction (~50%) of the "missing" heat is still trapped in Earth's deep interior, perhaps in small-scale heterogeneity scattered throughout Earth's mantle.
The type of geochemical analysis presented here by Harrison andBallentine and Albarede can provide constraints on isotope and trace element concentrations and on character istic time scales of mixing processes, but it does not constrain the location of anomalous materials. Seismology provides the most direct probe for constraining deep mantle structure (through the mapping of 3-D variation in (an)elastic wave propagation) and on the spatial distribution of major elements (through their influence on the elastic constants and on mass density). Trampert and van der Hilst (this volume) review per tinent results of seismic tomography, with emphasis on lateral deviations from radially stratified (1-D) reference Earth mod els. Because of the non-uniqueness of joint interpretations of tomographic images along with mineral physics data Trampert et al (2004) performed a statistical analysis of a wide range of possible solutions. This approach confirms and quantifies earlier indications that the propagation behavior of seismic waves is different from what can be expected from a thermal origin and shows that the emerging evidence for lateral varia tions in bulk composition is robust. The analysis of body wave travel times, surface wave phase velocities, and spectra of Earth's free oscillation modes suggests that lateral variations in temperature, iron, and silicon (through perovskite/magnesiowiistite partitioning) occur globally at a wide range of spatial scales and throughout the mantle, but appear stronger in the bottom 1000 km or so. In a detailed regional study based on a careful analysis of broad-band waveforms, Helmberger and Ni (this volume) describe rather dramatic lateral varia tions in shear wave speed (relative to PREM) in the deep mantle beneath southern Africa. Interestingly, the variations in P-wave speed are not nearly as large. Combined with the shape of the deep structure and its remarkably sharp bound aries, this observation strongly argues for a thermo-chemical origin. Detailed studies of this kind are restricted to regions of sufficiently high sampling density, and ongoing efforts to install arrays of seismograph stations in new locations may soon lead to more discoveries of thermo-chemical structures in the deep mantle.
Mantle convection experiments, both analog and numerical, play an essential role in understanding the dynamics, evolu tion, and structure of Earth's mantle. In particular, quantita tive geodynamics provides a framework for the integration of results from different disciplines (e.g., seismology, mineral physics, geochemistry, and geodesy), and owing to vastly increased computation power, the field of quantitative geodynamical modeling of mantle convection has taken flight in the past 15 years. The mounting evidence for compositional heterogeneity implies that traditional views of mantle pro cesses based on thermal convection may be in error, however, and strongly suggests the need for explicit thermo-chemi cal convection modeling. The capabilities, remaining chal lenges, and future of numerical modeling of thermo-chemical convection are reviewed by Tackley et al (this volume) . In addition to past successes of numerical modeling of deep mantle processes, Tackley et al also discuss the challenge to deal with uncertainty. Fundamental uncertainties in the key physical parameters can be so large that conflicting convec tion behaviors seem possible. It is therefore of key importance that predictions from numerical models are tested against independent data (e.g., seismic models, geochemical records, geodynamo history). Another source of uncertainty concerns the model simplifications which reflect imperfect knowledge of many key physical processes or which are necessary to render problems tractable. This includes processes that operate on small scales but which may be key controls for the largescale dynamical behavior. Examples include slab processes (such as hydration), melting, and plate formation. Others are too complicated or still too poorly understood, for instance, continent formation and evolution and the effect of volatiles and grain size on transport properties.
Inspired by Kellogg et al. (1999), Samuel et al. and van Thienen et al. investigate mantle dynamics in the presence of compositionally distinct domains in the deep mantle. Samuel et al. (this volume) assume that such a deep structure exists and explore the range of compositions that are consistent with the emerging evidence for compositional heterogeneity from seismic imaging. In agreement with earlier findings (e.g., Kellogg et al, 1999; Saltzer et al, 2004; Trampert et al, 2004) they conclude that deep mantle lateral variations in iron and silicon must be invoked to explain the seismologi cal observations. Realizing that the present-day existence of such domains begs the question as to their origin-see also Righter (this volume)-van Thienen et al. (this volume) explore possibilities for the early origin and evolution of such domains. Their analysis shows that the formation of deep, enriched, and gravitationally stable mantle domains by convective instabilities and resurfacing before the onset of modern-style plate tectonics is dynamically plausible and consistent with the geochemical record.
One must realize that the inferences on compositional het erogeneity from seismology and mineral physics described by, for example, Trampert and van der Hilst (this volume) and the numerical modeling of thermo-chemical convection discussed by Tackley, Samuel et al, and van Thienen (this volume) , are based on an incomplete set of highly simpli fied physical parameters. For example, the mineral physics parameters used to convert inferred wavespeed variations to density, temperature, and composition have been based mostly on idealized ternary compositions (FeO, MgO, and Si0 2 ), with the effects of calcium (CaO) and aluminum (A1 2 0 3 ) still not well understood, let alone incorporated, and the effects on mineralogy and petrology-which can be sig nificant, see Speziale et al (this volume)-largely ignored. Thermodynamical parameters are often assumed constant, and the effects of increasing pressure are not well accounted for in most numerical simulations.
These concerns, along with those raised later in the vol ume, for instance by Anderson, McCammon, and Speziale et al, highlight the critical need for more precise knowledge on the behavior of relevant mantle minerals beyond the simple compositions and mineralogies that are often used in the interpretations of seismological constraints or in the quan titative modeling of thermo-chemical convection. Although all important properties are in principle measurable, some of the complexity is out of range of current experimental capabilities. Fortunately, in the past decades, theoretical studies (that is, first-principle and ab initio calculations) have made spectacular progress owing to routine access to faster computers and more accurate approximations of the fundamental quantum-mechanics equations. Bukowinski and Akber-Knutson (this volume) briefly present the recent developments, the state-of-the-art, and the future challenges of theoretical mineral physics. They explain to a non-special ist in mineral physics what one can learn about the real Earth by using the extremely powerful and mature tool of quantum mechanics, and they present several examples to illustrate how one can obtain robust constraints on elasticity of mantle minerals, melting, and phase transitions that occur within the Earth's interior. For example, Trampert and van der Hilst (this volume) discuss how theory can help understand the seismically observed anti-correlation between bulk sound speed and shear velocity in deep mantle. Furthermore, they address various uncertainties associated with computational techniques so that the strengths and limitations of theoretical approaches can be understood. It is also clearly emphasized that any future progress goes through a constructive dialogue between the theoretical and experimental communities.
Questioning many fundamental assumptions, Anderson (this volume) warns against the use of variation in seismic (shear) wavespeed as a proxy for density, temperature, and composition, and suggests that simple volume scaling is best for many parameters. He presents a "zero paradox" model that, like Kellogg et al (1999) and van der , considers compositional heterogeneity in the lowermost 1000 km of the mantle. However, the chemistry of Anderson's deep layers is different from those suggested by Kellogg et al (1999) and from the assumptions/modeling results by Samuel et al and van Thienen et al (this volume) . Since this deep layer in Anderson's model is largely isolated from shal lower mantle processes, it should not play a role in explaining the geochemical record; indeed, according to Anderson, most of this can be explained by geodynamical processes in the top 1000 km or so of the mantle.
If some of the interpretations by Anderson are still specu lative and provocative, there is little doubt that the interpre tation of tomography and the computational modeling of thermo-chemical convection are often rather naive and-at the least-plagued by first-order uncertainties about the compositional and thermal reference state of Earth's mantle and about the elasticity data used to convert tomographically inferred wavespeed variations into estimates of temperature, density, and composition (see also Bukowinski and AkberKnutson, this volume). The uncertainty in reference composi tion and in the elastic parameters obtained from theoretical and experimental mineral physics are the subject of several chapters of this volume. Williams and Knittle review the intrinsic problems of constraining Earth's bulk composition. The notion that the average bulk composition resembles that of one or more selected chondrites is not at all trivial and may lead to uncertainties that are significant, but often ignored. For a given chondritic model, the results from mass balance exercises and inversions for the average bulk composition may be very precise, but owing to uncertainty in the refer ence models they are perhaps not accurate to within 5% uncertainty even in major element (e.g., Fe, Mg) composition. The resulting uncertainty in density variations may leave several issues involving this important diagnostic parameter unresolved. Furthermore, a compositionally distinct (for instance, perovskite-rich) deep mantle cannot be ruled out with the data that are currently available.
But the challenges are broader and deeper than the uncer tainties in compositional reference models. Righter (this vol ume) focuses on the importance of understanding the early evolution of the Earth, including the mantle-core system. An important class of chemical elements used in such studies are the so-called highly siderophile elements (HSEs), which have a very high melt/silicate partitioning coefficient. Measuring HSE concentrations is not trivial, but knowledge of their dis tribution can put important constraints on the conditions and timing of core formation and early mantle differentiation. Because of the high melt/silicate partitioning coefficient, equilibrium core formation would have absorbed most-if not all-HSEs into the core. A key and, as yet, unanswered question, therefore, is whether the present-day distribution of HSEs and related elements in the mantle is set by some chondritic component (with all its uncertainties; see Williams and Knittle, this volume) or by metal-silicate equilibrium during core formation? Righter argues that both are impor tant, and he discusses the strengths and weaknesses of sev eral hypotheses for explaining the HSE concentration in the primitive mantle. These include a late veneer (problematic), incomplete core formation (not likely), ongoing core-mantle interaction (viable but disputed), magma ocean fractionation (extent of melting uncertain); level of fractionation-which can produce perovskite-rich deep layer {Williams andKnittie and Anderson, this volume)-controversial (it may work for some elements but not for others), capability to trap metals/HSEs (controversial), and-perhaps-the occurrence of Fe-metal in the deep mantle. Righter dismisses the latter as insignificant because the oxygen fugacity (f0 2 ) may not be low enough to produce Fe-metal, but in a rigorous review of the oxidation state and oxygen fugacity in Earth's mantle, McCammon (this volume) shows that Fe-metal may well be present in the deep mantle. She shows that the energetics of Fe 3+ incorporation in minerals is controlled by mineralogy and crystal chemistry at least as much as by fO T The oxygen fugacity generally decreases with increasing depth. In the deep mantle, however, the increase in relative proportion of Fe 3+ (compared to all iron) is not due to changes in oxygen fugacity but because the presence of another trivalent element (Al 3+ ) in (Mg,Fe)(Si, A1)0 3 is balanced by iron disproportionation (3 Fe 2+ -> Fe°-metal + 2 Fe 3+ ). McCammon argues that ca. 50% of iron in the lower mantle (Mg,Fe)(Si,Al)0 3 occurs as Fe 3+ (independent of/0 2 ). The effects of the oxidation state (expressed by McCammon as the relative proportion of Fe 3+ ) and the need to consider (Mg,Fe)(Si,Al)0 3 compound the uncertainties in major element composition discussed by Williams and Knittle and Righter. The presence of trivalent elements (Fe 3+ , Al 3+ ) and the metal phase have important implications for our understanding of major element composition, element partititioning, and mantle mineralogy (and through them, estimates of the elastic properties used in seismology and computations geodynamics), volatile solubility, and transport processes (thermal and electrical diffusivity/conductivity) in the mantle. Furthermore, Badro et al. (this volume) present results from high temperature/pressure experiments show ing that under increasing pressure the iron in perovskite and magnesiowustite undergoes electronic transitions-from a high-spin to a low-spin state-at lower mantle pressures . This may have important implications for the thermo-chemical state of Earth's lower mantle. The electronic transitions in the deep mantle may enhance optic transparency and, hence, increased (radiative) thermal con duction. Whether or not this could result in more sluggish convective behavior in (Mg,Fe)(Si,Al)0 3 -silicates at pres sures in excess of 70 GPa (that is, depths larger than 1800 km) is an issue of debate and requires further research. The changing spin-states can perhaps also modify the partition ing of Fe between perovskite and magnesiowustite, which would influence the elastic properties.
In the past decade, there has been much debate about the stability of the Mg-perovksite phase (Mg,Fe)Si0 3 . The break down of (Mg,Fe)Si0 3 into compounding oxides was mentioned as a possibility by Birch (1952) and has been a topic of heated debate since the publication of the experi mental results by Maede et al. (1995) and Saxena et al. (1996) showing that such a dissociation can indeed occur. In this volume, Shim reviews the experimental difficulties and concludes from X-ray diffraction studies that MgSi0 3 is probably stable to at least 118 GPa (2500 km depth) and per haps over the entire pressure range of Earth's lower mantle. There are, however, several peaks in the diffraction pattern that may indicate slight changes in perovskite crystal struc ture. One of them occurs at 2500 K and 135-145 GPa and can be explained by the transformation to a post-perovskite phase (Murakami et al, 2004) . Shim discusses the (strong) dependence of this phase transformation on temperature and chemical composition.
The understanding and realistic description of the tran sition zone is undoubtedly a major challenge for the near future. The geophysical processes taking place in this region significantly influence a large number of geological records observed on the surface. The paper by Anderson presents a number of arguments for much of the surface record having its origin in the upper 1000 km. As noted above, for a real istic interpretation of seismic observations in the transition zone it is necessary to go beyond the relatively simple lower mantle compositions and mineralogies. The sensitivity of seismic velocities to major elements (Fe, Si, Al) can change significantly between rock types; for instance, the composi tion-velocity relationships are different in the harzburgite portion of the lithosphere than in the eclogite formed from subducted oceanic crust. Ricard et al. (this volume) attempt to bridge seismology and mineral physics and illustrate their thermodynamic approach by computing synthetic seismic images of simplified slabs of subducted lithosphere. In order to compute the seismic signature for a given rock type, they first compute the thermodynamically stable mineral assem blages that are, of course, depth dependent. They also pro vide a brief tutorial to the Gibbs free-energy minimization techniques. Ricard et al. clearly show that the contributions of composition, mineralogy and petrology, and tempera-ture may be equally important within the transition zone. They note that the current limitations of the thermodynamic method are related to the uncertainties on the elastic and mixing properties of mantle materials under relevant mantle P-T conditions.
Confirming the need to consider mineralogy and Ethology in the quantitative interpretation of seismologically derived wavespeed estimates, Speziale et al (this volume) use recent laboratory measurements of sound velocities to examine how seismic wavespeeds are affected by the common chemical substitutions in minerals of the upper mantle and transition zone. These are the sort of systematic relationships involving velocity that enters into the questions posed in this volume by Ricard et al (for slabs in the upper mantle and transi tion zone) and Trampert and van der Hilst (for the lower mantle). Significantly, Speziale et al find that the velocity systematics are strongly dependent on crystal structure, and a single simple relation is not applicable to all rock types or all portions of the mantle. Since major seismic discontinui ties are often accompanied by crystallographic coordination changes, these may also signal that different velocity system atics apply across such boundaries.
Finally, during the past decade we have realized that the mantle and, in particular, the transition zone, is a huge poten tial reservoir for water in the deep Earth. From petrologic studies of hydrous systems under extreme pressures, it was found that the high-pressure polymorphs of olivine, wadsleyite, and ringwoodite can hold up to several weight per cent water. This opens the intriguing possibility for many oceans worth of water being stored at great depth (see also Bercovici and Karato, 2003) . Ohtani (this volume) gives a broad overview of this subject, investigating whether subduc tion of oceanic lithosphere is a viable means of transporting water to the transition zone and lower mantle. An important issue is whether any mineral can hold water down to transi tion zone depths, or if, alternatively, there a special "choke point" beyond at which all hydrous minerals dehydrate and release the water. Ohtani also raises the issue of the potential seismological visibility of "water" in the deep sub-surface; answering this question will require new measurements on the high-pressure hydrous phases of the transition zone.
